The coupled interaction between an ablating surface and the surrounding aerothermal environment is studied. An equilibrium ablation model is coupled to the LAURA flowfield solver, which allows the char ablation rate (rho) to be computed as part of the flowfield solution. The wall temperature (T") and pyrolysis ablation rate (rrtig) may be specified by the user, obtained from the steady-state ablation approximation, or computed from a a material response code. A 32 species thermochemical nonequilibrium flowfield model is applied, which permits the treatment of C, H, O, N, and Si containing species. Coupled ablation cases relevant to the Orion heatshield are studied. These consist of diffusionlimited oxidation cases with Avcoat as the ablation material. The th, values predicted from the developed coupled ablation analysis were compared with those obtained from a typical uncoupled ablation analysis. The coupled results were found to be as much as 50% greater than the uncoupled values. This is shown to be a result of the cumulative effect of the two fundamental approximations inherent in the uncoupled analysis. 
II. Introduction
The assessment and design of reentry heatshields typically involve an uncoupled ablation-flowfield analysis. This uncoupled analysis consists of applying a non-ablating flowfield prediction, which defines the heat-transfer coefficient, wall enthalpy and wall pressure, to an equilibrium ablation model, which computes the char-ablation rate (rh,), pyrolysis ablation-rate (rny ), wall-temperature (T,,,), and in-depth material properties. The analysis is referred to as "uncoupled" because the influence of riz,, 749 , and T21 on the flowfield prediction are treated approximately within the ablation model, and hence the ablation model is not coupled with the flowfield model. For the diffusion-limited oxidation regime expected for Orion, the fundamental influence of coupling involves the prediction of rh,. The prediction of rh, is sensitive to the chemical composition at the surface, and vice versa. This coupling requires the detailed treatment of convection and diffusion of chemical species towards and away from the wall. For the uncoupled ablation analysis, two fundamental approximations are required to model this effect, assuming equilibrium ablation. These are defined as follows:
Approximation #1:
The influence of 7izc and 7iz9 on the heat-transfer coefficient is approximated as
where CH,o is the non-abating heat-transfer coefficient. Recall that CH is related to q, as q c = CH (HT -h ,,,) 
This approximation has been assessed by Thompson and Gnoffo l and Martinelli et al .2 for perfect gas flows.
Approximation 1` 2:
The elemental diffusion mass flux at the surface is written as
where it is assumed that CM = CH . This approximation allows the elemental mass balance at the wall to be solved algebraically for the elemental mass fractions at the wall:3 ee,k + Be cc,k + B 1 k C,,,,k = 1+B1 + B (4) g A discussion of this approximation is presented by Bianchi et al . 4 for graphite ablation.
The purpose of this paper is to assess the validity of the uncoupled ablation analysis, through comparisons with a coupled analysis, for conditions relevant to NASA's Orion CEV. The coupled analysis developed in this work is discussed in Section III, and compared with results of previous studies in Section IV. An assessment of Approximations #1 and #2 is presented in Section V assuming fixed values for 7n,, 7izy , and T,,,, which allows for the influence of the approximations to be clearly interpreted. Section VI compares the rizc computed with an uncoupled and coupled analysis, with fixed values for Th. and T,,,. This comparison addresses the fundamental differences between a coupled and uncoupled analysis for the diffusion-limited oxidation regime of interest for Orion.
III. Coupled Ablation in LAURA
This section presents the details of the developed coupled ablation analysis. The basic flowfield parameters are presented in Part A, while the governing surface equations are presented in Part B. Definitions of the three developed solution approaches are provided in Part C. Details of the solution procedure are also discussed. Finally, Parts D and E discuss the applied diffusion model and turbulence model, respectively.
A. Applied Flowfield Parameters
For the cases presented in this work, a two-temperature thermochemcial nonequilibrium flowfield model was applied. The following 32 species were treated throughout the flowfield (including the wall): N, N+, NO, NO+ , N2, N2 + , O, O+ , 02, 02+ , e-, C, C + , CO, CO 2 , C2, C 3, C4, C5, CA C 2 11 2, CN, H , H2, HCN, CH, Si, SiO, SiO 2i SiC, Sit , SiN. The thermodynamic properties for these species were obtained from Gordon and Mcbride s . The transport properties were obtained from Wright et al. ' , ' where available. The remaining species were treated using the approximate approach of Svehla8 modified as suggested by Park.' The chemical reaction rates were compiled mostly from previous Earth,' Mars, 10 Titan," and Venus 12 studies, with the exception of the Si rates, which were taken from the work of Mick et al. 13, 14 If a given rate (with a different value) was available from more than one source, the hierarchy for choosing a rate was as follows: Fujita et al. '12 Gocken," Park et al.,' and Park. 10 Fujita et al. performed an up-to-date critical analysis of many of the rates, which is the reason their rate model is given preference over the others.
B. Governing Surface Equations
The coupled ablation capability in LAURA, assuming specified values for m,,, rn9 , and T,,,, was presented by Gnoffo, et al. 15 . The present work extends this capability by allowing m e to be computed as part of the flowfield solution. The additional equation required for me is the equilibrium char constraint:
Pw Nfc which assumes that the solid carbon char is in chemical equilibrium with the gas at the surface. The solution of Eq. (5) requires the atomic carbon mass fraction at the wall (c,, c), which is assumed to be in chemical equilibrium at the wall temperature, pressure, and elemental composition. The elemental composition is obtained from the wall elemental mass balance equation:
The wall pressure (p,,,) is obtained from the normal momentum equation:
where the normal velocity (vw ) is obtained from the mass continuity equation:
Pw vw = me + rhg (8) If the pyrolysis ablation rate (rh, ,) and wall temperature (Tw) are specified, then Eqs. (5) -(8) may be combined with a chemical equilibrium solver to obtain ih,.
For the present study, rh, and Tw are either specified or obtained using the steady-state ablation approximation. The steady-state ablation approximation requires the solution of an approximate surface energy equation:
-4c -aQrad + EvT w 4 + (Th, + rn9 )h w = 0 (9) which assumes that the char surface and virgin material recede at the same linear rate. The steady-state ablation approximation provides the following relationship for rny:
C. Definitions of Applied Approaches
To make clear the influence of Approximations #1 and #2, solutions will be presented that include both approximations, only Approximation #1, and neither approximation. These three different approaches are defined as follows:
1. Uncoupled: This approach applies both approximations, and is identical to the typical "uncoupled' approach described in the Introduction. It is applied as a post-processing step to a non-ablating solution, obtained assuming a super-catalytic, radiative equilibrium wall. The non-ablating solution provides qc,o, h,,,, and p,,,. For a given m,, rny , and T,,,, the elemental composition at the wall is obtained from Eq. (4) . With this elemental composition, the species mass fractions and enthalpy are obtained using LAURA'S equilibrium chemistry module at the given T,,, and p,,,. This process is repeated while iterating on m, c (and T,,, if it is not specified) until Eq. (5) (and Eq. (9) for T,,,) are satisfied. Note that this approach is identical to the application of B' tables often applied in material response codes, although the present approach does not actually apply any pre-computed tables.
Partially-Coupled:
This approach removes Approximation #1, but contains Approximation #2. It consists of a flowfield with coupled ablation, meaning that the injection of ablation products is treated in the flowfield solution. Therefore, Approximation #1 is not applied because the influence of rh on CH is explicitly treated. However, this approach uses the approximation for Jk in Eq. (3), which means that Approximation #2 is applied. The species mass fractions and enthalpy at the wall are obtained identically to the uncoupled approach, except that Eq. (1) is not applied for C H . Instead, Cg is computed directly from the q, computed in the flowfield solution. The iteration procedure for rh, and T,,, is also identical to the uncoupled approach.
The application of this approach typically begins by first obtaining a non-ablating flowfield solution. From this, the procedure outlined in the previous paragraph to obtain rn,, T,,,, and c.,,, ,2 is executed every 5000 flowfield iterations. In between these surface computations, the pseudo-cells at the wall are updated every 50 flowfield iterations to maintain the computed surface properties, which are assumed equal to the average of the pseudo-cell values and the values in the first cell above the wall. This procedure is very robust and converges for a wide range of ablation rates.
Fully-Coupled:
This approach avoids the use of Approximations #1 and #2. It therefore provides the most rigorous possible application of equilibrium ablation. For this approach, J k,,,, is computed in detail using the concentration gradients and diffusion coefficients at the wall, instead of using Eq. (3) as done in the Partially-Coupled approach. As a result, Eq. (6) may not be solved algebraically for c,,, ,k to obtain an equation similar to Eq. (4). Instead, Eq. (6) is solved using the approach developed by Gnoffo et al., 15 which couples the chemical equilibrium equations with the species conservation equations at the surface. This approach was extended in the present study by adding Eq. (5) to this set of equations solved at the surface, which allows rh, to be obtained as part of the surface iteration procedure.
The application of this approach typically begins by first obtaining a Partialy-Coupled solution. It was found that the coupled set of surface equations require an reasonable initial solution for convergence. If the solution of T,,, is also desired (meaning it is not specified), then the surface energy equation is solved every 1000 flowfield iterations. It was found that the surface energy equation causes serious convergence problems if it is coupled directly to the other surface equations.
D. Diffusion Modeling
The "approximate-corrected' diffusion model proposed by Sutton and Gnoffo" is typically applied for aerothermodynamic simulations. This model has been shown to produce q, values that compare very well with the exact model provided by the Stefan-Maxwell equations." , " The species compositions through the boundary layer predicted by the approximate-corrected approach, however, may be noticeably different than the Stefan-Maxwell result. To illustrate this, Fig. 1 compares the mass fractions of elemental oxygen along the stagnation-line for a 3.6 m radius sphere in air with free-stream velocity and density values of 8.0 km/s and 3x10-3 k_/M3 , respectively. Note that nitrogen is the only other element present in this case, and its mass fraction is equal to 1 -c0 . The wall is assumed to be equilibrium catalytic. It is seen that the Stefan-Maxwell approach predicts 8% more elemental oxygen at the surface than the approximate-corrected approach. Both approaches predict a stagnation point q, of 99.9 W/cm 2 . The deviation of the elemental oxygen mass fractions in the boundary layer from the free-stream (and boundary layer edge) value of 0.24 has been observed by other researchers. 19,20 With the introduction of ablation, the deviation in the elemental mass fraction predicted by the approximatecorrected and Stefan-Maxwell approaches decreases. This is shown in Fig. 2 , which compares all the elements present for an Avcoat ablation case, except nitrogen. The details of the ablator composition and ablation rates for this case will be present later in Fig. 13 . The free-stream conditions are identical to those for Fig. 1 . The presence of ablation tends to decrease the severe species gradients present in a pure air boundary layer. This is a result of nearly all the elemental oxygen combining with C to produce CO, which occurs rather gradually throughout the boundary layer. With all the elemental oxygen going to CO, recombination of 02 near the wall (and its associated large 0 2 gradient) is prevented.
The ultimate goal of the present work is to compute rh, from Eq. (5) as part of the flowfield solution. Since Eq. (5) is dependent on the atomic carbon mass fraction at the wall, theprediction of rrcc will be very sensitive to the species diffusion near the surface. Although Fig. 2 showed that the approximate-corrected approach agrees well with the Stefan-Maxwell approach, it was found to under-predict m, by up to 10% (this applies to the Fully-Coupled ablation approach). Therefore, it was decided to apply the Stefan-Maxwell approach for the coupled ablation cases presented in this paper. 
E. Turbulence Modeling
Turbulence is treated in the present study using the Cebeci-Smith model, modified for a pressure gradient and surface mass transfer. These modifications are implemented through the mixing length damping factor, A+ , which is written presently as:
The term (ITw17 -I) 112 accounts for a pressure gradient,21 and is standard in LAURA'S Cebeci-Smith and Baldwin-Lomax models. 22 The term exp(-5.9v w + ,) accounts for surface mass transfer, as proposed by Cebeci 23 and based on the work of Bushnell and Beckwith. 24 The turbulent Schmidt (Sctu, ,b) and Prandtl (Prtu,,b ) numbers are set equal to 1.0. To show the influence of the two modifications in Eq. (8), both a non-ablating and ablating case were studied with and without these modifications. The geometry and free stream conditions are the same as those applied in Section III.D. For the ablating case, rny , m, and T,,, are specified to the values shown in Fig. 3 . The resulting convective heating distributions are shown in Fig. 4 for the ablating case and Fig. 5 for the non-ablating case. The "Baseline" result shown in these figures refers to the application of Eq. (11), which contains both the pressure gradient and mass-transfer modifications. The "A + = 26" result removes both of these modifications, while the "No mass-transfer corr." result removes only the mass-transfer correction. For the ablating case, Fig. 4 indicates that removing the mass-transfer correction provides a slight decrease in q,, while the pressure gradient correction has a negligible influence. For the non-ablaitng case, Fig. 5 shows that removing the pressure gradient correction (represented by the A+=26 result because the mass-transfer correction has no influence) provides a slight increase in q,. 
IV. Comparison with Previous Studies
This section compares the developed coupled ablation capability with the results of three previous studies. 25-27 These studies were chosen because they consider cases in the diffusion-limited oxidation regime of present interest, and they assume equilibrium ablation. As will be shown, the agreement obtained with these studies is not generally good. The possible reasons for this are discussed.
A. Comparison with Results of Bartlett et al. for Avcoat
Bartlett et a1. 2^ present coupled steady-state ablation results (meaning T,, and riz9 are computed from Eqs. (9) and (10)) for the stagnation point of a 3.96 m radius sphere. These results were obtained using the BLIMP program. 2' The ablation material considered was Avcoat. Both coking and mechanical silica removal were assumed, which leads to the elemental mass fractions shown in Table 1 .
The present Fully-Coupled results are compared with the coupled results of Bartlett et al. in Table 2 for three cases. It is seen that the present prediction for rh is -35% larger than the Bartlett et al. prediction. These larger values are the result of two combined effects: The first is the larger q, (and q, ,o) value predicted in the present approach. Because these cases are all in the diffusion-limited oxidation regime, it can be written from Eq. (3) The differences observed in Table 2 are not understood at this tin ge. Possible explanations involve the updated thermodynamic and transport properties applied in the present case, or the inaccuracies introduced by the bifurcation diffusion approach applied by Bartlett. Also, the present model considers thermochemcial nonequilibrium throughout the flowfield, while Bartlett et al. assumed chemical and thermal equilibrium. The nonequilibrium influence was, however, examined by applying LAURA'S free-energy minimization capability to Case 1. The computed rh and q, were within 3% of the nonequilibrium values presented in Table 2 .
Thus, the disagreement is not likely due to nonequilibrium effects.
B. Comparison with Previous Stardust Results
Olynick et al. 26 Table 5 shows good agreement between the present results and those of Olynick. This case is in the diffusion-limited oxidation regime, which is the regime of interest for the present study.
V. Analysis with Fixed Ablation Rates
To evaluate the differences between the Uncoupled, Partially-Coupled, and Fully-Coupled approaches defined in Section III, cases with specified rh,, mg, and T,,, are studied here for each approach. To examine the influence of the char and pyrolysis elemental composition on the coupled ablation behavior, the three different compositions listed in Table 6 are considered. The first of these, labeled Avcoat A, represents the heritage Apollo Avcoat defined by Bartlett .2' The second of these, labeled Avcoat B, is the same as Avocat A, except with all the H removed. This case will allow the influence of H to be assessed. Finally, Avcoat C represents the composition studied in Section IV, which approximates the influence of coking and mechanical silica removal.29 Table 6 : Elemental mass fractions applied in this study for Avcoat. The present analysis was applied to a 3.6 in sphere at a free-stream velocity and density of 6.0 km/s and 3.0e-4 kg/m 3 , respectively. The specified ablation rates and wall temperatures along the body are shown in Fig. 6 . So that these specified values would have reasonable profiles and magnitudes, they were obtained assuming steady-state ablation and using the Partially-Coupled approach (for Avcoat A). For the laminar case, the resulting stagnation-point surface properties predicted using the Uncoupled, Partially-Coupled, and Full-Coupled approaches are listed in Table 7 . Results are presented for the three Avcoat compositions listed in Table 6 . As mentioned previously, the influence of Approximation #1 is seen by comparing the CH values predicted by the Uncoupled and Partially-Coupled approaches. The trends mentioned in the previous paragraph for the stagnation-point, are shown to be true downstream of the stagnation point (s = 2 m) in Table 8 for laminar flow. Although only the results for Avcoat A are shown, the trends are similar for the other cases, as they were in Table 7 . The results for turbulent flow are listed in Table 9 . The Uncoupled and Partially-Coupled CH values along the body are compared in Fig. 7 for the turbulent and laminar cases. The CH differences between the Uncoupled and Partially-Coupled approaches seen here for the turbulent case are not consistent with the downstream laminar results. Instead of the Uncoupled CH being 7 -15% larger than the Partially-Coupled value, it is seen to be roughly 15% smaller than the Partially-Coupled value. This difference will have a significant influence on the computed m, analysis presented in the next section. This is especially true because the trends in the a, ,k values predicted by the Partially-Coupled and Fully-Coupled approaches, and compared along the body in Fig 8, are similar to the laminar case. This means that Approximations #1 and #2 will both result in m o increases (in contrast to their offsetting increase and decrease for the laminar case). proach results in less atomic carbon at the wall, as seen in the last column of Table 7 . For the computed-m, anal- ysis, this indicates that the Fully-Coupled approach will likely predict a larger m, than the Partially-Coupled approach. Note that this analysis suggests that Approximations #1 and #2 will have offsetting influences in the computed-t-h, analysis when comparing the Uncoupled and Fully-Coupled m, values.
1.3 20 The inaccuracy of Approximation #1 in turbulent regions was observed in the previous paragraph. This behavior is anticipated to have a significant influence On the computed m.c analysis presented in the next section. Therefore, it will be studied in more detail here. The non-ablating (q,,o), Uncoupled, and PartiallyCoupled q, values are compared in Fig. 9 for the turbulent Avcoat A case. This figure shows that the Partially-Coupled q, becomes nearly equal to the non-ablating value in the downstream turbulent regions. This behavior is not followed by the Uncoupled approach, which is the reason for the disagreement in the CH values shown in Fig. 7 . Note that q, may be separated into two components, the conductive component:
CdTve dTtr gc,cond = kve dz +tr dz and the diffusive component:
i=species These components are presented in Fig. 10 for the non-ablating and Partially-Coupled cases. It is seen that the conductive component is reduced and the diffusive component is increased with the introduction of ablation. The increase of the diffusive component at the stagnation point. (therefore, not influenced by turbulence) is a result of the different chemistry near the wall for the ablating case. The larger increase of the diffusive component downstream of the stagnation point, however, is a result of turbulence. This turbulent downstream region was shown in Fig. 4 to depend strongly on the Scturb, and less so on the other details of the turbulence model. If Scturb is increased above the present value of 1.0, the influence of turbulent diffusion decreases. If a large Sctu,,b value is applied to both the non-ablating (which drives the Uncoupled result) and Partially-Coupled solutions, the agreement between the Uncoupled and Partially-Coupled q, (and CH) values becomes significantly better. 
VL Analysis with Computed Char Ablation Rates
The present section engages Eq. (5) to allow rrzc to be computed as part of the flowfield solution. The differences in the rh, predicted using the Uncoupled, Partially-Coupled, and Fully-Coupled approaches are of particular interest, and are the main results of this paper. The rh9 and T,,, values are fixed to the same values as in the previous section. Note that the restriction of fixed T,,, could be easily removed by applying Eq. (9). This was not done here to simplify the interpretation of the results, and because in the diffusion-limited regime studied here, T,,, has a weak influence on rh,. It is assumed that for practical applications a material response code will provide mg , and this value will likely not be sensitive to m,. Thus, holding rh9 fixed in the present study is justified.
The differences in q, CH , and cw ,k predicted by the Uncoupled, Partially-Coupled, and Fully-Coupled approaches were presented in the previous section for fixed me values (with rh9 and Tw also fixed). In the discussion of those results, the results of the present section were correctly anticipated, as will be shown.
A. Case 1
The first case to be studied is the same as that considered in Section V, that being a 3.6 m radius sphere at a free stream velocity and density of 6.0 ktn/s and 3.0e-4 kg/1n 3 . The rhg and Tw values are fixed to those shown in Fig. 6 . The resulting rh, and q, values are listed in Table 10 the Fully-Coupled rn, is only slightly larger than the Uncoupled result, while it is 10-20% larger than the Partially-Coupled result. This peculiar result that the Uncoupled approach is in better agreement (with the Fully-Coupled approach) than the Partially-Coupled approach was to be expected from Section V, which showed that for the laminar case Approximations #1 and #2 result in offsetting errors. In other words, removing Approximation #1 causes the rh, difference seen between the Uncoupled and Partially-Coupled approaches, which for the laminar case is a 20% decrease in Th,. This is a result of Approximation #1 over-predicting CH , as was shown in Fig. 7 . Similarly, removing Approximation #2 causes the rh, difference seen between the Partially-Coupled and Fully-Coupled approaches, which for the laminar case is about a 23% increase in rh,.
For the turbulent results listed in Table 10 and shown in Fig. 12 , the comparison between approaches in the downstream region is significantly different than the laminar results. As was discussed in Section V, in regions of turbulence Approximation #1 under-predicts CH , which is the opposite of the laminar trend. As a result, removing Approximation #1 causes an increase in rn,. The influence of Approximation #2 is the same for the turbulent case as it is for the laminar case, and therefore removing it also causes an increase in rh,. Because removing Approximations #1 and #2 both provide increases in rh, instead of providing offsetting differences as in the laminar case, the difference between the Uncoupled and Fully-Coupled results is significant. For the Avcoat B case, the Fully-Coupled m,c is 49% larger than the Uncoupled value at To examine the influence of the fixed 7-49 magnitude on the computed rh, the my values applied in Table 10 were multiplied by 0.33. The resulting rh, and q, values are listed in Table 11 for the laminar and turbulent cases. The trends in the three approaches are similar to those observed previously in Table 10 . It is therefore concluded that these fundamental trends are not sensitive to my (although the percent differences are. Figure 14 , which shows the me distribution along the body for the turbulent Avcoat A ` o.002 1400 case. The Avocat B result presented in Figure 15 Case 1. The difference between Avcoat A and B is that Avcoat B contains no hydrogen. It is apparent from the present case that the presence of hydrogen reduces the disagreement caused by Approximation #2. This is not surprising considering the significantly different diffusion characteristics of hydrogen relative to the other heavier species. 
VII. Concluding Remarks
A coupled ablation capability was developed for the LAURA Navier-Stokes flowfield code. This capability includes the ability to treat a thermochemical nonequilibrium flowfield with turbulence and Stefan-Maxwell multicomponent diffusion. A chemical rate model for treating 32 species, including Si species, was compiled. The ability to compute me as part of the flowfield solution was developed for three different approaches. The Uncoupled approach, consistent with typically applied design approaches, is simply a post processing step to a non-ablating flowfield solution. This approach contains Approximation #1, which represents the blowing correction approximation defined in Eq. 1, and Approximation #2, which represents the diffusion approximation defined in Eq. 3. The Partially-Coupled approach treats a flowfield with coupled ablation, which removes Approximation #1, although it applies Approximation #2. The Fully-Coupled approach treats a flowfield with coupled ablation and does not apply either approximation.
For diffusion-limited oxidation cases relevant to the Orion heatshield composed of Avcoat, the FullyCoupled approach was found to predict rizc values up to 50% larger than the Uncoupled approach. This large disagreement was found only for turbulent cases, for which Approximations #1 and #2 both result in a lower m,c value. For laminar cases, Approximations #1 and #2 were found to have offsetting effects on the predicted m,. Thus, the Uncoupled and Fully-Coupled results agreed within 10%, while the PartiallyCoupled value disagreed by as much as 20%.
